Frankfurt M, Volpe BT. Preclinical models of overwhelming sepsis implicate the neural system that encodes contextual fear memory.
of the immune system during a septic episode, with resulting high levels of systemic cytokines, represents a critical causal factor in post-septic brain damage (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . Interestingly, there remains some controversy regarding the exact timing of the peak level for the different cytokines, as this ranges from hours to days after the septic insult (10) (11) (12) (13) (14) 23) . Since each sepsis paradigm has unique features, we focused on the cecal ligation and puncture (CLP) model because it replicates key aspects of human sepsis, such as 20-30% acute mortality, early hypotension and organ failure (27) . CLP also mimics the most frequent form of polymicrobial gram-negative sepsis that occurs in hospitalized patients (28) (29) (30) (31) (32) (33) . The CLP model has been evaluated at the behavioral level, with studies showing that CLP survivors have transient (~5-15 d) deficits in the open field test, the elevated plus maze and novel object Additionally, long-term survival is accompanied by high morbidity, which is characterized by persistent cognitive impairment, emotional disturbances and increasing disability burden (7) (8) (9) . It is therefore imperative to consider the brain as a crucial target organ for the chronic post-septic condition.
Recent preclinical studies using surgical and traumatic models of sepsis have shown that excessive activation
INtrODuCtION
Sepsis refers to the life-threatening shock and organ dysfunction caused by a dysregulated response to infection, which accounts for ~750,000 patients and ~200,000 deaths per year in the United States alone (1, 2) . While mortality is highest during the first few months after onset, 50-80% of those patients who survive the acute stage and exit the hospital perish over the next two to eight years (3) (4) (5) (6) . recognition, as well as more lasting (~30-60 d) deficits in inhibitory avoidance and forced swimming (34) (35) (36) (37) (38) (39) (40) . Moreover, impaired contextual fear conditioning has emerged as a robust phenotype in post-septic animals (21, (41) (42) (43) (44) (45) , but see 46) . A study of CLP-surviving mice (at 1 month and 4 months post-surgery, compared with sham-operated mice) shows that they have sustained impairment in spatial memory but retain intact performance in other tasks (rotarod test, open field test and black-white alley) (10) . Neuropathologic studies of these CLP mice reveal a progressive loss in the length and spine density of the apical dendrites of pyramidal cells from the CA1 region of the hippocampus (termed CA1 hereafter), which becomes apparent by 4 wks post-surgery (10, 47) . This delayed disruption of CA1 neurons, combined with their spatial impairment, indicates that the hippocampus is a crucial brain target for the long-term effects of sepsis. Notably, the hippocampus participates not only in encoding spatial cognition but also in encoding other domains, such as episodic memory and the contextual aspects of emotional memory. Therefore, we sought to extend our previous finding on impaired spatial memory (10) and examine whether CLP-treated mice also exhibit persistent abnormalities in contextual emotional memory.
Associative fear conditioning is a well-established approach to studying the neural basis of emotion (48) (49) (50) (51) . This behavioral paradigm represents an instance of Pavlovian classical conditioning, in which a conditioned stimulus (CS), typically a tone, is paired with an unconditioned stimulus (US), normally an electric shock that is delivered to the animal's footpad. Animals quickly learn to associate the CS with the US and thereafter express conditional responses, such as freezing (defined as absence of movement except for respiration), when they are presented with the CS alone, thus displaying associative fear memory. Studies have determined that the amygdala, and in particular the basolateral amygdala (BLA), is essential for encoding this variant of the task (48) (49) (50) (51) . Interestingly, animals also learn to associate the context in which they receive the noxious stimulus (i.e., the context becomes a CS) and subsequently freeze when placed in the same environment in which they were shocked, thus showing contextual fear memory (48) (49) (50) (51) . It has been shown that the amygdala, together with CA1 and the dentate gyrus (DG), are essential for encoding this variant of fear memory. In this study, we find a significant disruption of contextual fear conditioning, together with altered dendritic architecture, in neurons within the BLA, CA1 and DG in the long-term CLP model.
MatErIaLS aND MEtHODS animals
Experiments with male C57BL/6 mice (Charles River Laboratories) were performed in accordance with National Institutes of Health guidelines under protocols approved by the Institutional Animal Care and Use Committee of The Feinstein Institute for Medical Research, Northwell Health, Manhasset, New York. Animals were grouped in sets of five per cage, maintained on a reverse light schedule (dark period, 09:00 to 21:00) for the whole duration of the study (from their arrival from the vendor), with ad libitum access to food and water. They were 6-8 wks old at the time of CLP or sham surgery, after which they were analyzed behaviorally and anatomically, as shown in Figure 1A . One week before testing, mice were handled frequently for 5 d in 10-min sessions. Handling and behavioral testing occurred in the dark period of the circadian cycle.
CLP Surgery
Mice were anesthetized using ketamine (100 mg/kg) and xylazine (8 mg/kg) administered intramuscularly. A midline incision was made to expose the cecum. After ligation with a 4-0 silk ligature below the ileocecal valve, the cecum was punctured once with a 22-gauge needle and stool (~1 mm) was extruded from the hole. This CLP procedure is known to induce severe polymicrobial sepsis after a brief interval (52) . The perforated cecum was placed back into the abdominal cavity, and the incision was closed with two layers of 6-0 Ethilon running sutures. All animals received normal saline resuscitation (20 mL/kg of body weight, injected subcutaneously) and a single dose of antibiotic (Primaxin, Merck, 0.5 mg/mouse in 200 μL sterile saline, injected subcutaneously), immediately after surgery. Sham-operated animals had the cecum isolated and then returned to the peritoneal cavity without being ligated or punctured, followed by antibiotic treatment and resuscitative fluid.
Observational Screen
Animals were monitored continuously for survival during the post-surgical period, as we expected some CLP-treated mice to perish shortly after surgery. The surviving animals were kept in groups of up to five individuals per cage and were assessed according to their cage number, which did not indicate the treatment. Moreover, the experimenter in charge of behavioral testing was not cognizant of the treatment, and therefore testing was performed in a blinded manner. Starting at d 30 postsurgery, mice were handled for 5 d in sessions of 5-10 min during the dark period of their circadian cycle. A behavioral screen, modified from the SHIRPA protocol (10, 53) , was conducted to assess autonomic responses and neurological reflexes. The observational screen started with anatomical parameters (coat length, hair length and hair morphology), followed by observation in a cylindrical glass flask (height 15 cm, diameter 11 cm), which measured body position, spontaneous activity, respiratory rate, tremor occurrence, defecation and urination. Transfer to an arena (55 cm × 33 cm) allowed for measuring of transfer arousal, latency to move in the arena and locomotion in the arena. This was continued with manipulations for measuring piloerection, palpebral closure, startle response, gait, pelvic elevation, tail elevation, touch escape, positional passivity, trunk curl, limb grasping, visual placing, grip strength, body tone, pinna reflex, corneal reflex, toe pinch, body length, tail length, lacrimation, whisker morphology, provoked biting, salivation, heart rate, abdominal tone, skin color and limb tone. Measuring several reflexes (wire maneuver, righting reflex, contact righting, negative geotaxis) completed the screen. Throughout the screen, incidences of fear of the experimenter, irritability, aggressivity toward the experimenter, vocalizations and abnormal behavior were recorded. Finally, body weight was measured. The observed parameters were grouped according to five functional categories (53): muscle and motoneuron function, spinocerebellar function, sensory function, neuropsychiatric function and autonomic function. The summed scores for each function were averaged across mice belonging to the same group (CLP, sham) and these were then subjected to statistical analysis.
associative Fear Conditioning
We have published these procedures (50), which are routinely used to study fear learning in rodents. Briefly, Chamber A was used for familiarization, CS-US training and the contextual memory test, and Chamber B was used for the tone memory test (Figure 2 ). Chamber A was a transparent Plexiglass shock box (18 cm × 18 cm × 30 cm) equipped with a stainless steel grid floor (diameter of each grid 0.5 cm, spacing 0.5 cm; Precision-Regulated Animal Shocker, Coulbourn Instruments), which was dimly lit (orange bulb) and enclosed within a sound-attenuating environment. Chamber B was a cylindrical white Plexiglass chamber (diameter 20 cm, height 30 cm), which was brightly lit (white bulb) and contained bedding in the floor, similar to the home cage. A video camera was mounted at the top of the chambers to allow tracking of each animal. The software package FreezeFrame (Actimetrics) was used to deliver the CS-US protocols, track, and score freezing. The procedure occurred as follows (Figure 2 ): On the day before training (d 1), mice were familiarized to Chamber A with a 15-min session. On the day of training (d 2), they were placed in Chamber A, and after 3 min of acclimatization, were given five pairings of a tone CS (20 s, 5 kHz, 80 dB) that coterminated with a foot-shock US (1 s, 1 mA), a paradigm known as delayed conditioning. The intertrial interval varied pseudorandomly between 90 and 120 s. On d 3, mice were first exposed to the contextual memory test in Chamber A; each mouse stayed in this apparatus for 10 min in the absence complexity of the dendritic arbors. For spine quantitation, we traced dendrites that had been imaged with a 100 × oil objective. We used Neurolucida to identify and count the spines present on the dendrite through the Z-stacked image. Brain tissue was also processed for standard vital stains by injecting animals with Euthasol (100 μL), followed by rapid replacement of the brain circulation with heparinized saline, then 4% paraformaldehyde post-fixation for 1 h, and infiltration with 30% sucrose overnight at 4°C. Coronal brain slabs (5 mm thick) were isolated in a brain mold, mounted on a freezing stage and sectioned by microtome at 40 μm. Sections were collected in 0.1 M PB (pH 7.4). Every fourth section was mounted in 0.05 M PB on gelatin-coated slides, air-dried and stained with cresyl violet.
Statistical analysis
Data are presented as mean ± standard error of the mean (SEM) or median (25% quartile, 75% quartile), as indicated. We used Student t test and KolmogorovSmirnov test to examine statistical significance, which was defined as P < 0.05. of any foreground stimulus (such as the tone CS). At least 1 h after this test, mice underwent the tone memory test in Chamber B, in which, after a brief acclimation period, the mice received five test tones (20 s, 5 kHz, 80 dB; variable interval 30-100 s). Data were expressed as percent of time spent freezing (10 s blocks) and averaged across animals in each group.
Brain Histology
Golgi staining of neurons was performed with the FD Rapid Golgi Stain kit (FD Neuro Technologies) following our published protocols (10, 47, 61) . Briefly, 12 d after associative fear conditioning, we selected a subset of mice (n = 7 per group) with average performance in the context test for their respective group for Golgi impregnation. Mice were euthanized with an injection of Euthasol (100 μL), followed by rapid replacement of brain circulation with heparinized normal saline. Brains were removed and immersed in an impregnation solution (2 wks), cryoprotected (1 wk), cut on a cryostat (100 μm sections) and transferred to gelatin-coated slides. After drying, slides were stained and coverslipped. Using a Zeiss Axio imager microscope system, we identified sections containing the appropriate brain areas (BLA, CA1 and DG). Given that the section thickness and periodicity were similar in all cases, we sampled equivalent regions of interest across all experiments. On coronal sections (Bregma -1.70 mm to -2.40 mm), regions of interest included the dorsal hippocampus and the BLA. For substructural sampling, we imaged neurons in the superior blade of the dentate gyrus immediately ventral to the sampled CA1; most often the BLA was also sampled on that coronal tissue section. We only used neurons in which the soma and dendrites were whole and unbroken in the projection field (10, 47) . Tiled images of the neurons were acquired at 40 × (Z-stack step, 2.0 μm) and 100 × oil (Z-stack step, 0.5 μm) with a Zeiss Axio imager. The images were transferred to an automated program for counting and analysis. For quantitation of the dendritic structures, a soma was identified and the entire length of the dendrite was traced using Neurolucida software (MBF). We used Sholl analysis to quantitate the length and per animal) had no significant differences in dendritic complexity ( Figure 5B ; P = 0.9, D = 0.18, Kolmogorov-Smirnov test) or length ( Figure 5C-E) . Remarkably, quantification of spine density within BLA dendrites (sham, n = 67; CLP, n = 89; Figure 5F ) revealed highly significant differences between groups ( Figure 5G ; number of spines per μm, mean ± SEM: sham, 0.91 ± 0.03; CLP, 0.47 ± 0.02; P = 2.6 × 10 -20
; t = 11.3, t test). Given that spine density can be a somewhat variable parameter, we decided to analyze another set of mice (CLP, n = 3; sham, n = 3) that were prepared at a later stage (12 d after fear conditioning as before, but 24 wks after surgery) and indeed we found that the anatomical differences between groups remained statistically sound ( Figure 5H ; number of spines per μm, mean ± SEM: CLP, 0.34 ± 0.01; sham, 0.72 ± 0.03; P = 4 × 10 -16
; t = 11.1, t test). Although fear memory is mediated by the amygdala, the DG also contributes to encoding contextual fear memory. Here we used mice from the CLP and sham groups (n = 7 each) to measure the dendritic branching and spine density of granule cells from the DG (Figure 6A) , and determined by Sholl analysis ( Figure 6B ) that there was no difference in dendritic length between groups ( Figures 6C-E) , but quantification of synaptic spines showed significant differences between groups (Figures 6F-G; number of spines per μm, mean ± SEM: sham, 1.07 ± 0.04; CLP, 0.88 ± 0.06; P = 0.01; t = 2.5, t test).
Additionally, we investigated the status of dendritic spines in the basal dendrites of CA1 cells ( Figures 7A and B) and, interestingly, found a tendency for fewer spines in the CLP group that did not reach statistical significance ( Figure 7C ; number of spines per μm, mean ± SEM: sham, 0.94 ± 0.04; CLP, 0.84 ± 0.03; P = 0.05; t = 1.9, t test). In previous studies of CLP mice, we reported that the apical dendrites of CA1 pyramidal cells had lower spine density (10) and significantly shorter dendritic length (47) when compared with sham apical dendrites ( Figure 7D ). revealing that the CLP group froze significantly less than the sham group during this session ( Figure 3C; ; t = 4.03, t test), indicating that CLP mice had a deficit in contextual fear memory.
We sought to establish whether CLP survivors displayed a disruption in contextual fear memory at longer intervals after surgery. Therefore, we examined separate cohorts of mice at three time points (6, 8 and ~22 wks post-surgery). We performed associative fear conditioning in these animals ( Figure 2 ) and found that the levels of freezing did not differ between the respective CLP and sham groups during the training phase or the tone memory test (data not shown). Conversely, we found that each CLP group was persistently impaired in the context memory test when compared with the corresponding sham group (Figure 4) , demonstrating a permanent abnormality in contextual fear memory. Statistical analysis of the data (% freezing, mean ± SEM) using t test was as follows: for the 41 ; t = 3.64.
altered Dendritic Spine Density of BLa and DG Neurons in CLP-exposed Mice
The detailed structural analysis was prompted by the normal appearance of the histopathology with a Nissl stain (data not shown). Associative fear conditioning depends on the structural integrity of the amygdala (48-51) ; therefore, we analyzed Golgi-stained excitatory BLA neurons ( Figure 5A ) in terms of their dendritic arbors and density of dendritic spines. Mice from the CLP (n = 7) and sham (n = 7) groups underwent anatomical analysis 8 wks after the surgical procedure (12 d after fear conditioning). We used Sholl analysis to quantify the complexity of dendritic arbors, which revealed that BLA neurons from the sham and CLP groups (n = 73 in each group, ~10 neurons rESuLtS
Impaired Contextual Fear Memory in CLP-exposed Mice
We sought to understand the lasting effects of a septic episode on emotional memory; therefore, we subjected male C57BL/6 mice to the CLP or sham surgery and examined their performance in associative fear conditioning at 6 wks post-surgery ( Figure 1A ). Before this behavioral paradigm, we checked the animals' survival rate and found that at 30 d post-surgery, nearly all sham mice were alive (29 out of 30, 97%), whereas only 56% of the CLP-treated mice had survived (35 out of 63, Figure 1B) . Moreover, at 35 d post-surgery, the two groups did not have differences in body weight ( Figure 1C ) and exhibited comparable behavioral performance in an observational screen (10,53) that tested basic sensory, motor and autonomic functions as well as neurological reflexes ( Figure 1D ).
For fear conditioning (Figure 2 ), we studied CLP survivors (n = 35) compared with sham mice (n = 29) at 6 wks post-surgery. We found that during the familiarization session, on d 1, both groups behaved similarly without any sign of freezing (data not shown). On d 2, mice were exposed to five pairings of the tone CS that coterminated with the foot-shock US inside Chamber A, a paradigm known as delayed fear conditioning. Both groups showed increasing levels of freezing as training progressed ( Figure 3A) ; by the end of the session, they displayed robust conditional response (% freezing for the last 30 s, mean ± SEM: sham, 18.37 ± 2.3; CLP, 17.26 ± 1.82; P = 0.7; t = 0.38, t test). On d 3, mice were subjected to the tone test, in which the tone CS alone was played five times in Chamber B; we found that both groups showed similar freezing levels during tone presentation ( Figure 3B ; sham, 16.89 ± 3.29; CLP, 22.31 ± 3.18; P = 0.24; t = 1.18, t test). Also, mice underwent the context test, in which they were placed in Chamber A for 10 min; freezing levels were compared for the last 5 min, Long-term impairment of contextual fear memory in CLP-exposed mice. Male C57BL/6 mice are subjected to the associative fear conditioning paradigm at different post-surgical time points, and the results are grouped into three intervals. The CLP group shows impairment in the contextual test when compared with the sham group at each time point (*P < 0.05; ** P < 0.01 by t test).
DISCuSSION
This study demonstrates that mice surviving CLP, a model for clinical sepsis, were impaired in contextual fear memory and exhibited significantly fewer dendritic spines in excitatory neurons of the BLA and DG when compared with sham animals. Although there was comparable spine density in the basal dendrites of CA1 pyramidal cells, our published data on the apical dendrites of CA1 pyramidal cells (10, 47) revealed marked depletion in the CLP group. In combination, these results suggest a critical involvement of CA1 together with the BLA and DG. Indeed, the contributions of the amygdala and hippocampus in encoding contextual fear memory are well studied; therefore, the specific loss of dendritic spines in the BLA, DG and CA1 strongly suggests a structurefunction nexus for the emotional imbalance occurring in the post-septic brain that is likely to be important as clinical treatment opportunities arise.
Interestingly, CLP-exposed mice were not impaired in the acquisition of fear conditioning, nor were they deficient when tested for auditory fear memory. These results argue that the decreased spine density in BLA neurons do not impede the CLP mice from exhibiting intact cued fear learning and fear tone memory. It is possible that neurons in other subregions of the amygdala, such as the lateral and central amygdala, might be able to compensate for the diminished capacity of BLA neurons to keep tone fear memory intact, a possibility that needs to be investigated. Conversely, it emphasizes the fragility of the more distributed network for contextual fear memory, based on the amygdala and the hippocampus. Surprisingly, the basal dendrites of CA1 neurons do not appear to be affected by sepsis; nevertheless, their intactness does not seem to be sufficient to compensate for the deficient contextual fear memory. Moreover, our results do not rule out the possibility that CLP-exposed mice might exhibit an enhancement in contextual fear extinction, which depends on an even larger network, including the prefrontal cortex together with the hippocampus and amygdala (51) .
There is disagreement in the clinical sepsis literature about whether the high prevalence of increased disability after intensive care unit hospitalization is caused by common problems of aging, or whether there is a direct mechanism related to the septic episode (54) (55) (56) . The results of our study, together with our previous data (10,47) using the CLP model (27) , support the idea that sepsis is causally related to impairments in emotional response and spatial memory. In fact, it has been demonstrated that cytokines are neurotoxic agents that mediate brain dysfunction, particularly the cytokine HMGB1 (10, 57) . While HMGB1 rises late in a septic episode, its potential contribution to chronic neuronal alterations needs further investigation. Nevertheless, sepsis and elevated cytokines might cause behavioral impairments and, despite unclear mechanisms, trigger neuronal loss (14, 17, 57) . There is evidence that immune mediators, and cytokines in particular, alter brain synaptic function (10, 58, 59) , perhaps unsurprisingly, since TNF and IL-1 act as regulators of the density and activity of the key classes of glutamate receptors, AMPARs and NMDARs (60) .
The finding that CLP-exposed mice exhibit both defective contextual fear memory and a lower number of dendritic spines in BLA, CA1 and DG aligns well with the established hypothesis on structural plasticity, in which the dynamic turnover of dendritic spines reflects a fundamental substrate for memory. Indeed, recent anatomical studies on amygdalar neurons have shown that spines begin to be added within minutes of the final retention period in a fear conditioning paradigm (61, 62) . Memory encoding can trigger structural plasticity, but a variety of pharmacological and hormonal challenges can also influence spine dynamics; therefore, it is likely that the elevated cytokine levels associated with a septic event might permanently dampen the plasticity of dendritic spines in BLA, CA1 and DG neurons. It is also noteworthy that experimental and clinical work has demonstrated the association of abnormal dendritic arborization patterns, together with altered dendritic spine density, in various psychiatric and genetic disorders (63) (64) (65) . Other reports have shown that acquired disorders of the nervous system, including autoimmune disorders, can alter neuronal structural integrity (66) (67) (68) (69) (70) .
CONCLuSION
Our study shows that long-term sepsis survivors are impaired in contextual fear memory and exhibit significantly fewer dendritic spines in the excitatory neurons of the amygdala and the hippocampus. Our data are consistent with the possibility that the lowered spine density (observed in BLA excitatory neurons, apical dendrites of CA1 cells and DG granule cells) in CLP-exposed mice might reflect a chronic state, indicative of an altered capacity to replenish the dendritic spines, which in turn might result in a defective fear memory phenotype. Our study strongly suggests that the emotional disturbances experienced by human (C) The graph shows that the cumulative probability of the distribution of primary dendrites for both groups is comparable (inset shows box plots; ns, P = 0.47, t test). (D-E) Box plots of dendritic measurements are comparable for total length (D, ns, P = 0.09, t test) and mean length (E, ns, P = 0.18, t test). (F) Micrographs show dendritic spines in DG dendrites. (G) The box plot of spine density shows that the CLP group has significantly fewer spines than the sham group. Statistics, * P < 0.05 by t test. The table summarizes the data for CA1 pyramidal neurons from this study as well as previous data in references (10) and (47) . The basal dendrites are similar between groups in terms of length and spine density, whereas the apical dendrites are disrupted in the CLP group.
patients who have survived septic shock might be the result of subtle damages to the dendritic architecture of neurons of the amygdala and the hippocampus.
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